After that, ST and AR increase significantly. Meanwhile, the period of coherence changes from 4-8 years to 2-4 years, implying that when temperature increases greatly, the period tends to be shorter due to the fast response of the glacier. The increase of AR is caused by the loss of AM. The rise of ST is found to be responsible for the loss of AM, although the rise of AP is beneficial to the glacier accumulation. Our results on the dominant effect of temperature (rather than precipitation) on runoff of Glacier No. 1 could be used as the input to models in hydrology, geomorphology, climatology and paleoclimatology.
INTRODUCTION
Increases in surface temperatures have significant consequences on the hydrological cycle, particularly in regions where the water supply is currently dominated by melting snow or ice (Barnett et al. ) . It is believed that the retreat of glaciers and ice caps during the last hundred years has contributed to a global sea-level rise of several centimeters (Oerlemans ) . Hence, it is necessary to examine the relationship between glacier runoff change and climate change, and to further assess the impact of climate change on water resources.
Glacier rivers in the Tianshan Mountains, the water tower of Central Asia, with limited disturbance from human activities, offer a good opportunity to study the impact of climate change on their runoff. The mechanism of response of Tianshan Glacier No. 1's runoff to climate change, as a representative of continental glaciers in the Tianshan Mountains, has great potential for the study of glaciology and hydrology as well as climatic change implications for Central Asia (Mikhalenko ; Li et al. ) . Furthermore, in these arid regions glacier melt water is vital to water resources management, as it may be a substantial contributor to a local potable and agricultural water source.
Glaciers in the Tianshan Mountains are considered to be 'summer-accumulation type', because they receive the main part of annual accumulation in summer (Ageta & Higuchi ; Li et al. ) . In the Tianshan Mountains, the glacier rivers such as the headwaters of the Urumqi River are mainly recharged by seasonal glacier melt water and precipitation. Because temperature correlates with most terms of energy balance, it is always used as the index for melt (Li et al. ) . So temperature and precipitation are always chosen as the climate factors affecting the recharge of the river. Previous studies investigated the variability of climate and runoff and discussed the relationship between them, showing that the runoff of Glacier No. 1 hydrometric station has increased largely due to the rise of temperature and precipitation (Ye et al. ; Li et al. , ; Xu et al. ) . However, it is still not known which of these factors (precipitation or temperature) is more important to runoff, though this information is useful for runoff prediction and water resources management.
It is known that the hydroclimatic characteristics of a watershed have both long and short periods, and hydrological models are quite sensitive to these scales. Given various patterns of hydroclimatic change in different periods, analysis at different temporal scales may reveal some internal relationship between hydroclimatic time series. Thus, future investigations of the correlations between climate change and runoff will require research at different climatological scales (Kaser et al. ) . For instance, the simple linear regression method, which is a parametric t-test method, requires the data to be tested to see if it is normally distributed. However, the Mann-Kendall test, a non-parametric trend test, only requires the data to be independent and can tolerate outliers (Chen et al.
; Xu et al. ). The Mann-Kendall test is summarized as follows:
Let H 0 be the 'series is stationary' null hypothesis to be tested against alternative hypothesis H 1 'series displays change'. Let X 1 … X N be variable X in dependent observations. The statistics S is calculated as in Equation (1):
where:
with the H 0 hypothesis, S approaches 0. Trends for an increase or a decrease result respectively in S being negative or positive. The expected value and variance of S are given by:
The significance of trends is tested by comparing the standardized test statistic Z:
when the time series has no trends, that is to say following the H 0 hypothesis, the value of S differs for each sample. The probability of rejecting H 0 when it is true is α. In this paper, the significance level (SL) 0.05 was chosen, that is to say
To detect the step change point (the year when step change occurs), Goossens & Berger () presented a graphical technique based on the Mann-Kendall method.
For the time series X 1 , X 2 , …X N shown above, it uses the intersection of two curves: UFK and UBK. This method is based on the computation of all U(d i ), i ¼ 1,2…N:
in which d i is given as:
where, for each term X i , the number m i of terms X j (i > j)
preceding it is calculated by
For the statistic d i , its expected value is given as:
and variance as:
The graphical presentation of this ensemble of all U(d i ), i ¼ 1, 2 …N, along the time series will be denoted as UFK.
The sequential application to UFK of the rule issued for U(d) allows us to detect a change in the time series as soon as U(d i ) becomes larger than 1.96 (corresponding to α ¼ 0.05).
In order to localize the step change point, the same principle is applied to the retrograde time series (Let X N be X 1 , 
where W XY is the cross wavelet transform; SO is a smoothing operator. They can be written as:
where * denotes complex conjugation. 
RESULTS AND DISCUSSION
Variability in temperature, precipitation, mass balance and runoff
The statistics for ST, AP, annual mass balance (AM) and AR time series are given in Table 1 . For visualization purposes, the 5-year moving averages are also presented in Figure 2 .
A simple linear regression method is used to test the Table 2 ).
The step change years for ST, AP, AM and AR are different but close to each other ( Figure 3 and Table 2 ). For the annual average temperature series, the step change towards warming is located in 1997. Before and after the step-change year 1997, the temperature rises from 4.0 to 4.9 W C, the increment of which is close to that of the whole Xinjiang Wavelet coherence between mass balance, runoff, precipitation and temperature
The squared wavelet coherence between ST, AP and AM is shown in Figure 4 , which reveals the localized correlation in while AM decreases with a gradient of À14.5 mm/year.
2. There is a step change in the trends of ST, AP, AM and AR. The turning point is the middle 1990s.
3. There is a clear negative correlation between AR and AM, which shows that the rise in runoff is caused by glacier ablation.
From a new perspective, we show that temperature has a primary effect on the mass balance and runoff as compared to precipitation throughout the instrumental records.
Furthermore, when the temperature began to rise significantly after 1993, the period became shorter and changed to 2-4 years. This implies that temperature rise can dominate the runoff change in such a small continental glacier watershed under climate change conditions. Nevertheless, the effect of temperature and precipitation on runoff is even more complicated, which should be analyzed on shortwave radiation, sensible heat and local geometric characteristics of glaciers. Therefore, long-term monitoring of hydroclimatic parameters is needed in order to identify the cause of variations and interaction between climate change and runoff.
